To study subsurface microbial processes, a coupled model which has been developed within a Thermal-8
Introduction 26
Microbial biomass in subsurface porous media consists of both suspended cells and attached biofilms. 27
Microorganisms, such as bacteria under suitable conditions grow and occupy the free spaces in porous 28 media by forming bacterial biofilms. Biofilms are microbial populations, encapsulated in their self-29 produced extracellular polymeric substances (EPS), attached on solid surfaces submerged in a liquid 30 phase (Bakke, 1986; Mitchell et al., 2009 ). The presence of microbes and their activities significantly 31 influences the physical and chemical properties of subsurface soils and rocks. In natural subsurface 32 these activities are often complex and coupled with multiple flow and geochemical reactions. For 33 example, microbes alter the chemical compositions and states of soil-water (Murphy and Ginn, 2000) , 34 biofilms obstruct fluid flows by sealing inter-particle pore spaces (Rosenzweig et al., 2014 ) and these 35 processes consequently affect the supply of nutrients and hinders microbial growth. 36
48
In saturated porous media, microbial processes and their impacts on physical properties of the media 49 have been studied extensively via laboratory experiments (Trulear and Characklis, 1980; Bakke, 1986 ; 50 Taylor attempts have been made to explore the processes in unsaturated conditions (Schaefer et al., 1998 ; 56 CO2, reduces the number of living cells in the liquid phase (Zhang et al., 2006) . The movement of 75 microbes between the planktonic state and sessile state also affects biomass quantity in individual 76 phases. For example, biofilm mass loss due to high liquid shear force at the biofilm-liquid interface 77 (Trulear and Characklis, 1980; Rittmann, 1982; Bakke, 1986) or due to changes in physiochemical 78 conditions (Bakke, 1986) ; results in an increase of suspended microbes in the liquid phase. In addition, 79 attachment and detachment of cells may take place to and from biofilm phase (Cunningham et observed significant growth at pH 8.5 than in pH less than 6.0. As the pH of a system changes, ionization 87
states of the components in the system also changes (Dixon and Webb, 1979) . The active components 88 of microbial cells are usually the cell-enzymes (Tan et al., 1998) . Enzymes contain ionizable groups 89 which need to be in appropriate ionic states to bind substrates, catalyzes reactions, and to produce 90 biomass (Segel, 1975) .The study of such complex coupled interactions in variably saturated porous 91 media is challenging and rarely available in literatures. 92
93
In the scope of this study, a microbial model has been developed at the macroscale of a porous medium 94 within a coupled thermal-hydraulic-chemical-mechanical (THCM) framework. The aim of the research 95 is to analyse the impacts of microbial processes on physical and chemical behaviours of the medium 96 which subjected to simultaneous flow, reaction and deformation conditions. The THCM model, 97 permeability is estimated through a mass-volume relationship. In this article, biofilms are assumed to 113 be impermeable and water inside the biofilm is immobile and concentration of substrate in the biofilm 114 is the same as in the liquid phase. In the simulations, it has been considered that the biofilm reached to 115 mature state (Bakke, 1986 ) during the settlement period and its density remains constant throughout 116 the simulation. That means that although the biofilm mass grows (or reduces) during the simulation, the 117 ratio between bacterial cell mass and biofilm (cell+EPS) mass remains unchanged (at the early stages 118 of biofilm development the ratio varies with time). The model is presented here for isothermal 119 conditions and mechanical stress/ strain is ignored. Microbial processes including suspended cells, 120 thermal gradients and mechanical deformation will be addressed in future publications. 121 122
COMPASS (Thomas and
He
The Model 123
The nomenclature is presented in 
Theoretical formulation 126
In an unsaturated porous medium that contains microbial biofilm, the total porosity ( 0 ) can be divided 127 into liquid phase, gas phase and biofilm phase as, 128
where , , are the volumetric liquid, gas and biofilm contents, respectively. Growing biofilms 129 occupy inter-particle spaces and restrict the overall flow processes in the medium. Therefore, porosity 130 is affected by the volume of biofilm phase and, 131
Here is the active porosity that is unaffected by the biofilm phase and where flow of fluids primarily 132 takes place. By expressing the volumetric liquid content = and the volumetric gas content = 133
; the relationship between liquid saturation( ) and gas saturation ( ) yields, + = 1. It has 134 been considered that the gas phase is unsuitable for the survival of microbes, as a result, the spread of 135 attached biomass in the solid phases should be encapsulated within the liquid phase volume of the 136 media. Following Effendiev (2013), it has been assumed that growing biofilm assimilates the liquid 137 phase rather than pushing it out of the system. 138 139
Conservation of microbial biomass 140
The mass conservation equation of a suspended cell in the liquid phase is expressed as, 141
where is the concentration of the suspended microbe and * is the hydrodynamic dispersion 142 coefficient in the liquid phase. Details of hydrodynamic dispersion in the model is presented in Section 143 2.1.5. represents velocity of the liquid phase and represents the sinks or sources. 144
145
The mass balance equation of a biofilm attached to solid surfaces is given by, 146
where is the amount of biofilm per unit volume of the porous media and represents the sinks or 147 source terms. Biofilm concentration ( ) is related to biofilm volumetric content via = , where 148 is the biofilm mass density i.e. the amount of dry biomass per unit wet volume of the biofilm. 149
150
Microbial sinks/ sources include physical growth (e.g. substrate metabolism, attachment) and decay 151 processes (e.g. endogenous decay, biocide decay, detachment, shear loss etc.), local geochemical 152 condition ( ℎ ) and the presence of external sinks or sources ( ). Therefore, 153
where represents the growth rates and represents the decay rates. 
Here + is the substrate utilisation rate. is the substrate concentration and is the concentration of 160 electron acceptor in the liquid phase.
′ and ′ are Monod half-saturation constants of substrate and 161 electron acceptor, respectively. 162
163
Biomass decay is expressed using a first-order rate as follows: 164
Here − is a combined decay rate that includes both endogenous and biocide-induced death. 165
where − is the endogenous death rate and − is the biocide mediated reduction rate, which accounts 166 microbial death due to a toxic non-wetting phase such as scCO2, and mass transfer of high 167 concentrations of CO2 into the aqueous phase. Biocide decay rate as a function of gas phase saturation 168 has been suggested by Ebigbo et al. (2010) . 169
where − and are empirical parameters depending on the bacterial species/ biofilm and on the porous 170 media properties. 171
172
Loss of biomass from biofilms might occur due to fluid shear stress. Bakke (1986) 
where is the detachment rate due to liquid shear stress . The relationship between and can be 176
Here is a specific shear loss coefficient. For Newtonian liquids, shear stress 177 ( ) can be obtained from dynamic viscosity ( ) and velocity gradient. Therefore, 178
Concentration of suspended cells in the liquid phase is increased by shear loss of biofilms. Meanwhile, 179 attachment of suspended cells from liquid phase to biofilms reduces the amount in suspension. These 180 processes are expressed using a linear first-order relationship. 181
where and are the attachment and detachment rates of cells to and from the biofilms respectively. .
Here is a pH-dependent growth rate. 0 is a specific growth rate with respect to pH which 191 determines the shape of the -pH diagram. 1 is an empirical constant, known as ionisation constant 192 (Tan et al., 1998) 
Conservation of liquid and gas 214
The mass conservation equation for the liquid phase flow is expressed as, 215
where, is the liquid density which is constant in this study and represents the liquid phase sink/ 216 source. Liquid velocity ( ) is calculated using the Darcy's law, 217
Here denotes the porewater pressure, is the in-situ intrinsic permeability, is the liquid phase 218 relative permeability. 219
220
The multicomponent gas transport equation is given by, 221
Here is the concentration and is the effective diffusion coefficient of the ℎ gas species. Since, 222 gas phase molecular diffusion often dominates mechanical dispersion (Costanza-Robinson and 223
Brusseau, 2006), effective diffusion coefficient of ℎ species is calculated as, 224
Here 0 is the molecular diffusion coefficient of gas in free flow condition. In a mixture of gases 225 diffusion of one component may be affected by the others. Estimation of multicomponent molecular 226 diffusion coefficients in the model is based on the method (Generalized Multicomponent Fick's Law) 227
proposed by Taylor and Krishna (1993) and has been presented elsewhere Masum, 228 2012 ). However, multi-nary interactions among gas components have been ignored in this paper and 229 only self-molecular-diffusion of components has been considered. in Equation (19a) is the gas phase 230 tortuosity factor, which is obtained from the Millington and Quirk (1961) model as, 231
The sink/ source term includes gas phase reactions, dissolution (or formation) in the liquid phase and 232 external sinks or sources of the ℎ gas species. Partitioning of components between gas phase and liquid 233 phase is considered to be in equilibrium following Henry's law. Gas components, which dissolve in 234 liquid phase, are treated as dissolved chemicals (Equation 14) and therefore, the ℎ component of is 235 linked with that of via = . Here, is Henry's constant. 236
237
The gas phase velocity, 238
where is the gas phase relative permeability and is the dynamic viscosity of the gas phase. The 239 total gas pressure ( ) is obtained by using the ideal gas law. 240
Here is the total number of gas components, R is the universal gas constant and T is the reference 241
temperature. 242 243
Original intrinsic permeability ( ,0 ) of porous media, which is a function of material structure only, 244 is affected by biofilm growth. The in-situ intrinsic permeability ( ) is estimated from the original 245 permeability using the expression given by Somerton et al. (1975) . 
Soil water characteristic behaviour and relative permeability 249
In a multiphase system, the presence of both gas phase and liquid phase leads to matric suction ( ) 250 which is expressed as, = − . Suction often regulates the saturation states of a porous medium 251 and it is measured from water retention behaviours of the medium. In this paper, the water retention 252 behaviour is based on the van Genuchten (1980) model. 253
where , , are curve fitting parameters, is the residual degree of saturation and ℎ is suction head 254 (= / ). Here, is the unit weight of water. 255
256
The liquid phase relative permeability is defined by (van Genuchten, 1980) , 257
Parker et al. (1987) presented the gas phase relative permeability, 258
Here denotes the effective saturation. 259
Hydrodynamic dispersion 261
Hydrodynamic dispersion coefficient (Equation 3 & 14) includes both mechanical dispersion 262 coefficient and effective molecular diffusion coefficient. Bear and Verruijt (1987) proposed 263 hydrodynamic dispersion coefficient as,
Here ℎ is the coefficient of mechanical dispersion and it is considered to be a function of the average 265 fluid velocity (Pickens and Gillham, 1980) . Hydrodynamic dispersion affects the spread of dissolved 266 chemicals or suspended microbes both in parallel (longitudinal) and in perpendicular (transverse) 267 directions to flow. In this paper, only longitudinal dispersion is considered. Therefore, 268
where, is the coefficient of longitudinal dispersivity and | | is the absolute average velocity of liquid 269 
where, 285
Here P is the strain matrix and W is a vector of differential operators. Following that, the equations are 287 spatially discretised using Galerkin Finite Element Method (GFEM). Please note that the 7 th term (or 288 microbial sinks/ sources) in Equation (29) is implemented in the model following a sequential non-289 iterative approach (SNIA). As per this approach, the sink/source is calculated only once in each time 290 step after the convergence of the transport equations are achieved. Therefore, dropping this term, the 291 approximated form of Equation (29) yields, 292
Here is the residual error imposed due to the approximation over the domain, and (^) indicates 293 the approximated primary variables. The aim of the Galerkin weighted residual method is to reduce the 294 residual error to zero in some average sense over the domain. The matrix form of the governing 295 equations, following the GFEM, can be expressed as follows: 296
where , , are the matrices of coefficients and is the vector of primary variables i.e., = 297 { , , , … . . , , , … . . , , , , … . . , , , , , … . . , , , }. Here, , , and are the total 298 number of gas, dissolved chemicals, suspended biomass and biofilm species in the system respectively. 299
An implicit mid-interval backward difference procedure is used for temporal discretisation of Equation 300
(31). 
305
COMPASS code has been developed on Fortran F90 while PHREEQC is available in C Programming 306 language. The COMPASS-PHREEQC model runs on a combine Fortran-C platform. Once the 307 convergence of primary variables (solving governing flow and deformation equations) is achieved, the 308 programme proceeds to the bio-geochemical interface (in COMPASS) where microbial and 309 geochemical reaction sink/ sources are estimated at every nodal points. Depending on the problem, 310 either of the sink/ sources can be estimated first. For example, dissolution of CO2 reduces pH of a 311 system, which consequently affect microbial growth. In this case, geochemical reaction (in PHREEQC) 312 is estimated initially and then the updated information is used to calculate microbial sink/ sources. 313
Concentrations of chemicals, minerals, gases and microbes (for microbial-induced mineral kinetics), 314
from the bio-geochemical module, are passed to PHREEQC as input data. Simultaneously an input file, 315 including relevant thermodynamic and kinetic reactions information, is also provided to proceed 316 PHREEQC calculations. Following the measurements of microbial and geochemical reaction sink/ 317 sources, the primary variables and porosity information at the nodal points are updated and the 318 programme continues to the next time-step. 319 320
Verification 321
In this section, two examples of the model verifications are presented. The aim is to demonstrate the 322 implementation accuracy and conceptual testing of the microbial processes in a coupled multiphase 323 system. 324 325
Biofilm growth at a maximum rate 326
Considering ≫ ′ and ≫ ′ then ′ + ≅ 1 and ′ + ≅ 1, which lead to biofilm growth at a 327 maximum rate (i.e. Equation (6b)). If biofilm growth is the only process of interest, Equation (4) yields, 328
Here + represents the maximum growth rate and the growth is limited by neither the substrate nor the 329 electron acceptor. The analytical solution of Equation (32) 
Biofilm growth in a multiphase system 337
Growing biofilm in a multiphase system affects the flow of other phases. In this exercise, a 0.50 m by 338 0.05 m unsaturated sandstone sample is used to investigate such behaviour. It is assumed that no biocide 339 exists and the growth nutrient is constantly available to the microbes during the simulation. Therefore, 340 the substrate sink is omitted. It is also assumed that electron acceptors do not limit biofilm growth. The 341 sample domain is discretized into 100 equal-sized quadrilateral elements. The simulation is carried out 342 for 10 d. 
Results 352
The simulation parameters are presented in Table 1 The system remains nearly water saturated until the poregas pressure is high enough (after 11.52 356 minutes) to push the waterfront away from the gas injection face. Eventually the gas phase desaturates 357 the sample, resulting in the minimum or residual liquid saturation state ( = 0.612 which corresponds 358 to = 0.153). The flow processes are relatively fast in sandstone due to weak water holding capacity. 359
It is noticeable from the results that the biofilm phase is relatively small during the first 24 h of the 360 simulation to exert any noticeable influence on the system. It grows rapidly after two days and reaches 361 a maximum after 5.8 d. Since the sample has already reached to the residual liquid saturation, biofilm 362 growth mainly occurred in the residual water volume. At this stage, the entire liquid volume disappears 363 into the biofilm phase and the remaining void volume is now occupied by the gas phase only. The active 364 porosity (n) is affected by the growing biofilm following the phase-volume relationships considered in 365 the model, i.e. Equations (1) and (2). After 5.8 d the sample porosity reaches to a minimum value of 366 0.149. 367 368 
Results 421
The model domain is discretised into 100 equally sized quadrilateral elements. The simulation is carried 422 
Application 433
In this section, the model has been applied to investigate subsurface microbial process. Four sets of 434 simulations are presented to observe i) microbial growth at various gas injection rates, ii) effect of pH 435 on the growth, iii) microbial respiration in a fully coupled multiphase condition and, iv) microbial 436 fermentation and gas production. The model domain is a 0.5 m by 0.125 m sandstone core. The domain 437 is discretized into 100 quadrilateral elements with finer spatial discretization at the boundaries, as shown 438 in Figure 5 . 
Biofilm growth in two-phase condition 442
In these simulations, biofilm growth is investigated under simultaneous flow of water and a gas. The 443 objective is to investigate the response of microbial growth and its effect on porous media flow 444
properties at different gas injection rates. Two tests have been carried out, where injection rate in Test 445 I is higher than in Test II. It has been assumed that the substrate is abundantly available to microbes and 446 the growth is not limited by an electron acceptor. The simulations have been carried out for 24 h. 
Parameters 457
The simulation parameters are listed in Table 2 . 458 
Results 462
The simulation results are obtained from the gas injection boundary i.e. x = 0.5. The results in Figure 6  463 show that the liquid saturation in the core increases rapidly from 0.85 to 0.87 due to the fixed hydrostatic 464 boundary. The core remains nearly water saturated until the poregas pressures is large enough to drive 465 the waterfront away from the gas injection face. As expected, the core starts to desaturate earlier in Test 466 I than in Test II. The core reaches to the minimum liquid saturation after 4.2 h in Test I but in Test II 467 the liquid saturation reduces to 0.68 after 24 h of simulation. Figure 7 shows the results of biofilm 468 growth and its effects on the core porosity. During the saturation and desaturation period, biofilm phase 469 remains too small to exert any noticeable change on the porosity of the core. The impact escalates with 470 the net growth of the biofilm phase which is limited by the volume of available water in the core. 471
Biofilm concentration and porosity reduction in Test II is larger than in Test I, since the desaturation of 472 the core in Test II is slower which provides more time for the biofilm to grow before liquid phase 473 reaches to the minimum. The results show that the core porosity is reduced to 0.16 and 0.15 in Test I 474 and II which are 64% and 60% of the original unaffected porosity, respectively. Figure 8 shows the 475 evolution of gas pressure (and concentration) for the corresponding gas injection rates. After 24 h the 476 observed gas pressure in Test I is 188.8 kPa while in Test II 14.8 kPa. 
Effect of pH on biofilm growth 491
The aim of this section is to observe biofilm growth under variable pH. Two set of simulations have 492 been carried out in that regard. In the first set biofilm growth is predicted under a constant pH. In the 493 second simulation injection and dissolution of CO2 gas in the sandstone water has been considered. 
Initial and boundary condition 504
In both simulations, initially fully water saturated sandstone core is assumed to contain 1.0 kg/m 3 of 505 biofilm at pH 7.0. Concentration of the substrate during the simulation ( ≥ 0) is 25×10 -3 kg/m 3 . 506
In simulation 1 (constant pH), fixed hydrostatic pressure of 100 Pa is considered at the left and right 507 boundaries. In simulation 2 (variable pH), fixed hydrostatic pressure of 100 Pa is applied at the left 508 boundary i.e. at x = 0 and a constant CO2 gas injection rate of 1.0×10 -9 mol/m 2 /s is applied at the right 509 boundary (x = 0.50). The left boundary for the gas and right boundary for water are assumed 510 impermeable in simulation 2. 511 512
Parameters 513
The parameters are listed in Table 3 . PHREEQC database "Phreeqc.dat" (wwwbrr.cr.usgs.gov, 2017) 514 is used in Simulation 2. Reaction parameters which are required for the simulation i.e. thermodynamic 515 equilibrium constant (log_k) and reaction enthalpy (delta_h) are available in the database. An example 516 of PHREEQC input data file for simulation 2 is presented in Table 4 . Please note that the gas dissolution 517 (R1.1) is calculated using PHREEQC and therefore, Henry's constant has not been mentioned 518 explicitly. 519 520 
Results 526
Development of the biofilm and change in porosity with time at the right boundary (x = 0.5) are 527 presented in Figure 9 . The simulation results show significant biofilm growth at constant pH of 7.0 528 (Simulation 1). In contrast limited biofilm growth is observed at this location under CO2 injection 529 (Simulation 2). The lack of growth in simulation 2 is associated with the reduction of pH. According to 530 Equation (12), at lower pH, ionisation state of the system becomes less suitable for the microbe to bind 531 substrates and therefore, the growth is hindered. Figure 10 shows that injected CO2 reduces pH from 532 initial 7.0 to 5.5 in a short span of time which retards the pH-dependent growth rate from 4.68×10 -5 to 533
6.92×10 -6 s -1 (inset diagram), although the substrate is abundantly available. Increasing CO2 pressure 534 also accelerates biocide-induced death. Since CO2 gas is highly soluble in water, the gas phase pressure 535 build up is limited and as a result, the liquid saturation at this location remains relatively high (Figure  536 Please note the scale of vertical axis ranges between 0.9 and 1.0.
542

Microbial respiration in coupled two-phase flow condition 543
In this simulation, the model has been applied to investigate microbial respiration under a two-phase 544 flow condition. During respiration microbes harness the energy released from a reduced species in the 545 environment to an oxidized species (Bethke, 2008) . Therefore the growth is limited by both substrate 546 and an electron acceptor. It has been assumed that the microbial species does not produce any gas during 547 respiration. The simulation has been carried out for 24h. respectively. At the right boundary, x = 0.50, gas is injected at the rate of 3.0×10 -6 mol/m 2 /s and the left 555 boundary is considered impermeable for the gas. Fixed hydrostatic pressures of 1.0×10 3 and 2.0×10 2 Pa 556 are maintained at the left and right boundary, respectively. 557 558
Parameters 559
The simulation parameters are listed in Table 5 . 560 561 
Results 564
Evolution results of the components have been collected from three locations i.e. x = 0, 0.15 and 0.45 565 m of the sample ( Figure 5 ). Figure 12a presents biofilm growth and its effects on the medium porosity. 566
The results show maximum growth at the nutrient source and away from the source it is affected by the 567 supply of nutrients as well as liquid saturation, which is influenced by the injected gas. Loss of porosity 568 continues at variable rates with biofilm growth along the sample (i.e. at 0.15m, porosity reduces 5.2% 569 to 0.237) but reaches the minimum, at the nutrient source, after 19h approximately. Biofilm 570 concentration and porosity profiles after 24 h are presented in Figure 13a . The results indicate that the 571 biofilm growth and porosity loss are negligible closer to the gas injection boundary. Although, at the 572 early stages of the simulation biofilm grows by utilising the available substrate and oxygen, the growth 573 is very small and un-detectable at the scale used in the y-axis. The growth period is short near this 574 boundary, since the sample de-saturates rapidly by the injected gas and it retards the flow of substrate 575 and oxygen to the microbes. 576 577 Figure 12b shows the evolution of substrate and dissolved oxygen concentrations in the sample. Initial 578 concentrations of both substrate and dissolved oxygen were 1.0 kg/m 3 . However, at the boundary, 579 substrate concentration instantly reaches to the applied concentration of 3.0 kg/m 3 . Along the sample 580 domain, the convective-dispersive transport of substrate and dissolved oxygen are affected by biofilm 581 growth, porosity and permeability reduction as well as gas pressure evolution. The results show that, at 582 0.15 m from the source, substrate concentration reaches to a maximum of 1.17 kg/m 3 after 1 h and 583 reduces to zero after 9 h. Meanwhile, the dissolved oxygen concentration reduces from 1.0 kg/m 3 to 584 0.18 kg/m 3 after 9 h and remains steady for the rest of the simulation. From the result of biofilm growth 585 at this location, Figure 12a , it can be noticed that after 9 h the growth suspends due to lack of substrate, 586 which consequently ceases the consumption of dissolved oxygen. Concentration profiles of the nutrients 587 (substrate and electron acceptor) are presented in Figure 13b after 5 h and 9 h of simulation. Since, the 588 elevated gas pressure de-saturates the sample, both substrate and dissolved oxygen concentrations are 589 negligible within the vicinity (note the concentration evolution of nutrients at 0.45 m in Figure 12b ) of 590 the gas injection boundary. The 'hump shape' near the end of the concentration profiles (Figure 13b ) 591 occurs due to simultaneous flow of nutrients driven by hydraulic gradient from one side and gas-592 pressure driven water flow from the other side. No hump is visible for the substrate after 9 h, since all 593 of it has been used in the microbial respiration. 594 595 Evolution of gas concentration and liquid saturation is presented in Figure 12c . Since, no outflow of 596 gas has been allowed, its concentration across the sandstone sample increases rapidly from initial 1.0 597 mol/m 3 to 2.1 mol/m 3 at the onset of the simulation due to reduction of gas phase volume. The fixed 598 hydrostatic pressures at the boundaries almost saturates (>99%) the sample. However the constant 599 injection of gas increases the concentration close to the boundary and pushes the waterfront away. After 600 approximately 3 h gas pressure at 0.05 m from the injection boundary increases sharply and decreases 601 the liquid saturation (to 0.67 after 5 h). Therefore biofilm growth at this location (Figure 12a ), as 602 mentioned earlier, is negligible. The gas concentration and liquid saturation profiles are presented in 603 
Microbial growth via fermentation and production of CO2 gas 610
In this section, the model has been applied to predict microbial fermentation which occurs when 611 microbes metabolise substrates in absence of suitable electron acceptors in the medium. Microbial 612 fermentation of glucose substrate and the production of ethanol and CO2 gas as reaction by product is 613 considered. The overall chemical reaction: 614 6 12 6 → 2 2 5 + 2 2 ( )
The production of CO2 in the model is obtained from the reaction stoichiometry i.e. for one mole of 615 glucose metabolised two moles of CO2 gas is produced. The reaction has been modelled within the 616 COMPASS model. Therefore the geochemical model has not been used in this simulation. Since pH is 617 buffered in water-ethanol mixture and its changes are smaller, the effect of pH on microbial processes 618 has been ignored. The simulation has been carried out for 10 h. 619 620
Initial and boundary conditions 621
Initially the saturated sandstone sample contained 1.0 kg/m 3 of glucose substrate and 0.1 kg/m 3 of 622 biofilm and no gas. 
Parameters 628
The parameters for the simulation are presented in Table 6 . Henry's constant for CO2 in water at 298K 629 is 1600 atm or 3.4×10 -2 mol/L/atm (Sander, 2015) . However in water-ethanol mixture, at low ethanol 630 concentration (less than 0.1 mole fraction), Henry's constant is 2240 atm (Postigo and Katz, 1987) , 631 which makes CO2 less soluble. 632 633
Results 634
The results of this simulation are presented in Figure 14 (evolution of variables at x = 0 and 0.45m) and 635 Biofilm concentration near the source of substrate is slightly higher than the opposite boundary ( Figure  638 14a), which are due to the supply and availability of glucose substrate in the sample (Figure 14b ). The 639 supply of substrate also influcences the concentration of CO2(g) and saturation level (Figure 14c and 640 Figure 15c ). Within the vicinity of the source, elevated microbial metabolism results into little more 641 production of CO2(g) than the other end. The gas pressure continues to build up following the 642 fermentation reaction and de-saturation of the sample continues. The observed saturations (Figure 14c ) 643 after 10 h at x = 0 and 0.50 m are 81.4% and 87.9%, respectively. 644 To demonstrate the capabilities of the model, four sets of application are presented. These are; i) biofilm 671 growth at various gas injection rates, ii) effect of pH on microbial growth, iii) microbial respiration 672 under two-phase flow and iv) microbial fermentation and production of a gas phase. The results show 673 that in unsaturated conditions the extent of biofilm growth largely depends on the hydraulic properties 674 of the medium, if the growth is not limited by substrates or electron acceptors. If gas pressure is 675 relatively large and desaturates the medium then growth is restricted to the residual water volume. 676 Sufficient amount of liquid phase is essential for nutrient transport and biofilm development. Usage of 677 biofilms to enhance the barrier performances of a subsurface reservoir (i.e. carbon storage facility) or 678 caprocks might be less effective in such circumstances. To avoid that, media with higher water holding 679 capacity or lower gas injection (from injection-wells) and release (of sequestrated gas from storage 680 formations) rates; together with faster growing biofilms could be preferred. The influence of 681 geochemical condition on biofilm growth has been modelled by varying the porewater pH (i.e. 682 dissolving CO2 gas in the sandstone porewater). The results indicate that the growth is favoured by 683
higher pH values and is significantly retarded at lower pH. The capabilities of the model to simulate 684 microbial respiration under a coupled multiphase flow and microbial fermentation have been 685 demonstrated. The results suggest that respiration in two-phase flow is not only influenced by substrate 686 and oxidizer concentration but also by the gas concentration in the system. The simulated results ofmicrobial fermentation show that formation of a gas phase or change in gas phase composition can 688 affect the coupled fluid flow processes in the system. 689 690 Parameters, such as, biofilm density, attachment and detachment rates, coefficient of shear loss, bio-691 geochemical rate parameters are (bacterial) species dependent and not widely available. In that regard, 692 laboratory experiments should be carried out to obtain appropriate model parameters as well as relevant 693 model information. For example, initial biofilm concentration is a key information for transient analysis. 694
The onset of experimental studies and numerical models of biofilm growth is usually considered after 695 the period of cell settlement and biofilm formation. The processes that take place during the settlement 696 period are of significant importance, since they dictate the initial biofilm concentration in the medium. 697
Further works will be carried out to address these issues. 
709
Appendix B 710
The mathematical relationship to define the effect of pH on microbial growth is presented in Equation 711
(12). In Figure B , the growth rate, is plotted against pH for a different combination of the 712 equation parameter ( 0 , 1 ) values (Table B) 
